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EmtMARY 

An investigation was conducted t o  provide data that may be used 
to   cor re la te   the  engine service performance of cast  V i t a l l i u m  turbine 
buckets  with  metallurgical  properties. Data were  obtained from four 
turbine wheels  of T W e n  alloy w i t h  cast V i t a l l i u m  buckets. In 
order to   accelerate  bucket deterioration beyond the   ra te  encountered 
in service  operation,  the  turbine w h e e l s  were subjected t o  20-minute 
cycles  consisting of 5 minutes at f d l e  and 15 minutes a t  rated speed. 

Examination of 12 broken  buckets  Indicated that 8 of the failures 
were probably oaused by fatigue and 4 by impact with  pieces of other 
broken  buckets. EX8minations of broken and of unbroken buckets 
disclosed no si@if‘icant  differences between the two groups with 
respect  to chemical  composition,  epsilon-phase distribution, o r  carbide 
mesh distributian.  

~ S W C T I O I T  

A6 part, of a general  evsluatfan of various  heat-resisting  alloys 
for  jet-engine and gas-turbine application,  investigations were made 
of four Timken-alloy turbine wheels  with cast V i t a l l i u m  buckets In 
an ef for t  t o  provide data t o  be used to   cor re la te  the  performance of 
turbine  buckets in actual engine operat im with the r e s u l t s  of 
metallurgical  laboratory  examinations of the  bucket  material. 

Cast V i t a l l i u m  buokets of the  current  production ty-pe were 
investigated in order t o  establish a cr i ter ion for evaluattng 
materials that have not been previously used in th3s  application. 

Each of the  turbine wheels was r u n  through the  same cyclic 
engine t e s t .  The cyclic  type of t e s t  was chosen to   subject  the 
turbine  buckets t o  a greater  thermal shock than would be  encountered 
in normal operation in order  to  reduce  the  time  necessary  to cauae 
bucket fa i lure .  



' Identification of the  nature of the  mechanism  that caused the 
failures is important  because  such an identificatian  would  permit 
851 appraisal  of the  relative  importance of the  physical  properties. 
Chemical  analyses  and  metallurgical  examinations  were  therefore made 
of broken and  of  unbroken  buckets. 

The  investigation  of  cast  Vitallium  turbine  buckets was 
conducted on turbojet  engines  mounted on a  pendulum-type  sea-level 
test  etand. The turbojet  engines,  incorporstiag a dual-entry 
centrifugal  compr866or, 14 oombustlan chambers, and a single-stage 
turbine,  have  a  thrust  rating of 4000 pounds.  Wherever  possible, 
standard metallurgid prooedures were used for the  examinatIan  of 
the buckets. In those cases where  these  procedures  proved  unsatis- 
factory,  they  were  altered as required. 

Engine Operatian 

The  apparatus,  fuel,  and  instrumentation used are  described in 
reference 1. The engine was operated on 8 20-minute  cycle (5 m f n  
at id le  and 15 min at rat& sped). 
sham in the fol lar ing table : 

The operating  candltions are 

5 
0 

15 
0 

0 

15 

0 

15 
7 

3500 * 50 
Acceleration 
to 11,500 

11,500 f 50 
DeceLeration 
to  3500 

In order to permit  a  thorough  metallurgical  examination  to  be 
made, the  procedure  desuribed in reference 1 was altered as follows: 
After a failure had ocourred, the initially broken bucket,  the 
dimetrioally opposite  bucket,  and, in random caseE;, the  adjacent 
bucket were removed from the  wheel for metallurgical  eramination. 
In those  cases in which  more than one  bucket failed, all damaged 
buckets  were removed. 
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Metallurgical  Examination 

The following metallurgical examinatim procedure was used : 

Identifiation. - The  buckets to be examined were  identified 
by assigning to each  the  nuniber of the  wheel  and a number  indicating 
its  circumferential  position on the  wheel  relative  to an arbitrarily 
selected  point, For example, bucket 53 an wheel 1 is designated 
bucket 1-53. 

Visual  examination. - The  broken  buckets  were vfsually examined 
without  magnification and under a low-power  microscope  before they 
were  sectianed f o r  further  analysis.  Surface  irregularities,  surface 
and fracture-face texture, and  coating  color were particularly noted. 

Radiomaphic examinatinn. - All buckets  were  radiographed  after 
removal  from  the  test  wheel. 

CoatinR  examination. - The coatings of r s n d d y  selected  buckets 
were  mechanically  removed  and  examined by X-ray diffractim methods. 

Macroexamination. - The buckets  were  electro1fiicall.y  etched 
ia 10-percent  hydrochloric  acid  to  reveal  the  macrostructure. Grain- 
size  measurements  were  made at six representative  positions (A, B, 
E, F, I, and J, fig. 1) on the  blade  eurface. The standard A.8.T.M. 
grain-size  procedure was followed except that a magnification of 
unity W&B used instead of the usual LOOX. It was noted  whether  the 
fracture  being examined was intercrystalline or transcrystalline. 

Chemical analysis. - The dovetail seotim of each  bucket 
examined was cut off with an abrasive  wheel  and  chips  were remmed 
from  each  section.  These  chips  were  analyzed bg a commercial 
laboratory. Randam check  analgse6 were also made by the national 
Bureau of Standards and by a commercial  laboratory. 

MicroexFuninlsfion. - The blade are86 of both the  broken and the 
unbroken  buckets  were  sectioned as indicated in figure 1. Sections A 
and B were  polished for metallographic  examination in both  the 
longitudlnal and the  transverse  directions,  together  with  the  top 
transverse  surfaces of sections E, F, I, and J, The samples were 
electrolytically  etched in aqueous hydroohloric  acid. The transverse 
samples were  rated for carbide-mesh  distributfon by measuring the 
number of' carbide-island  intersections  encountered on eight  randOD 
lines,  each 1 inch long at'a mamification of 1OOX. The average of 
t h e  eight  values  thus  obtained was called  the  carbide-mesh  nmiber. 

Hardness surveys. - Rockwell C hardness  measurements  were made 
every 1/4 inch along the  longitudinal  face of section H, along  the 
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bottom transverse faces of eectione E, F, I, and J, and along  the 
top  transverse  face of sections C and D. 

X - r a y  examination. - Glancing X-ray diffract ion photographs 
were taken  with a 225-millimeter camera u s i n g  a collimating slit, 
an iron tube, and a manganese f i l t e r  from the folia positione: 
(a) unbroken bucketa - near  the edgee an the bottom of the  tranaverse E 
faces of sections A and B; (b) broken buokete - on the Fractured 
aurf'aoes of the buukets near the leading and tzallfng e w e .  

RE:suIIcS AIVD DIS(=USSIOI!i 

Cyclic engine teste  -re made on four  turbine wheels with cast  
Vftallium buckets.  Metallurgical  elaminations were made an 12 broken 
and 13 unbroken buckets. 

Wheel 1. - The first and eeoond bucket failuree, in cycle 22 
a t  7 hours and 20 minutes and in cycle 25 a t  8 hours and 12 minutes, 
leapectively, eare described in reference 1. The thi rd bucket, 1-53, 
broke in cyole 26 at 8 t o t a l  rullllling time of 8 hours and 34 minutes 
(fig. 2).  

Wheel 2. - The first bucket failure (bucket 2-18) oucurred i n  
cycle 29 a t  9 houre and 28 m i n u t e s  (reference 1). The second 
bucket, 2-48, broke in cycle 106 a t  a t o t a l  running time of 35 hours 
and 10 minutes (fig. 3) . 

Wheel 3. - Buckets 3-16 and 3-43 were removed for examination 
after cycle 229 st 76 hours and 20 minutes t o t a l  running time. Two 
new bucket8 were installed,  the wheel balanced and the running 
continued. Upon in~lpection after cycle 260 (86 hr, 40 m i n ,  t o t a l  
running time), bucket 3-34 was found t o  be cracked on the convex 
surfaoe. This bucket was replaced, the wheel balanced, and the 
running continued. In cycle 268 (89 plr, 17 mln) , a fa i lure  occurred 
that broke eight buckets and 80 damaged the others th8t running could 
not be cmthued  with  this  wheel (fig. 4). Four of the  eight broken 
buakets (3-33, 3-36, 3-45, and 3-49) were removed for examfnation. 

Wheel 4. - The fir8t bucket, 4-28, failed  in  cycle 156 at a t o t a l  
running time of 51 hours and 57 minutes (fig.  5 ) .  The broken bucket 
and two unbroken ones, 4-i and 4-29, were removed from the wheel for 
examination. Three new buckets were lnstslled,  the wheel balanced, 
and the running con t inued .  In cycle 188 (62 br, 37 min, t o t a l  
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running time), bucket 4-111 broke. This bucket (fig. 6) me one 
installed after the firet  failure and had been  operated f o r  32 cycles 
(10 br, 40 min). The bucket was replaced,  the wheel balanced, an8 
the  running  continued. The third bucket, 4-39, broke during cycle 190 
at  a t o t a l  running time of 63 hours and 16 minutes (fig. 7 )  . 

Summary of. buoket failures. - The r e a d t s  of the  engine  investi- 
gations axe elmmvlrtzed in the following table : 

~~ 

Wheelrucket I T q - 1  

~ ~~ ~~ 

Cyole e 
- 

bh) 
F i r s t  bucket failure 

40 260 
4 28 51 57 156 

Seoond bucket f a i lu re  

All 2 68 
4 32 

Third bucket f a i l u r e  
1 

3 
""" ""_ "" """ 2 

26 34 8 53 

""" "" ""_ """ 

Metallurgical  Emmination 

Results of the metallurgical examination of the buckete showed 
thst : 

1. A l l  buckets were radiopaphical ly  sound. 

2. The chemical  analysee of the buckets  presented in table I 
indicated that no si@ificant differences in composition existed 
between  broken azid unbroken buckete. 
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3. Appearance of the  iraoture faues of broken 'buckets  permitted 
olassifioatian of the failures into primary and eecondary failuree,  
examples of which are ehown in figure8 8 ( a )  and 8(b),  reepeutively. 

4. The fracture  faces of the elght  primary-failure  bucket8 
exhibited three dis t inc t  z m e ~  that are quite d i f f e ren t  in 
appearance (fig. 8 (a) ) . One z m b  has a smooth appearanoe and i e  
c a t &  with a tight oxide f i lm ranging in  color from light straw to 
dark  gray. Contrary t o  data presented in  reference 1, t h i s  zone 
occurred randomly at either edge and in  one case a t  the  center of 
the  bucket. This apparent  disorepancy in the  resul ts  wgte probably 
caused by the increae-eU nunEm? of bucket6 examined i n  th ie  inveeti- 
gation. The second zone had the fibrous  appearance that ie charac- 
terist ic of fractured ductile material and waa coated  with a looee 
porous oxide f i lm ranging In color from a deep blue t o   d u l l  gray or 
blaok. The thi rd zone Was a transi t ional  one between the other two 
zones both in loca t im  and i n  characteristics. Fractures of the 
primBFy olass  W e r e  transuryetalline  aorose  the entire buoket and 
oucurreB in the cent& third of the blade 1-h (fig. 9 ( & )  ) . T h e m  
obeervatfms le& to the ooncludon that the primary type of failure 
is caused by fatigue, which o r i g h t e e  in the smooth eone and 
progresbes until the  centrffugal. Stress on the remaining  portion of 
the Eltide &meeds the u l t ima te  strength of the ma-terial and the  blade 
fails in tension. The laca6ion of the  origin of fatigue within the 
einooth zone was extremely  diffiou1-h t o  determine, particularly 
beoiluee the fractuHd iurf'ece wB& alwaya c d t e d  with a thick oxide 
layer, which wag d t f f i c u l t   t o  remove by method8 that did not damage 
the fracture faoe. 

5. The fraotured face8 of' four  buckets  repreeentative of the 
secondary fgge of failure ( f ig .  8(b))  exhibited an appearance, 
uniform  aurosls the eatire bucket, that was similar  both in color 
and in tex€Ure to   the  f ibrous zone' preViouely described.  Thie  type 
d failure was a l 8 O  transcrystalline and had a random dist r ibut ion 
along the blade ldli (fig. 9(b) ) . These failure8 probably occurred 
upon impact with segments of other brokm buckets. 

6 .  The grain s i ze ,  &W determined .by macroexamination, varied 
comidera€dy fiom bucket t o  6uci& m d  in m o d  caees  within the 
bucket i t s e l f .  Slight differences, hcniever, d i d  exist between broken 
smd unbroken buckets and batween failuree due t o  fatigue and those 
probably due to impaot. The $rain Size of a l l  buckets examined may 
be e-ized aEI foll+S: 

.. 

r 
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(a) G r a h  eize over entSre bucket, average of all bucketa 
eIsmin0d 

Broken buckets 27 grain8 per square  inch 
Unbroken buckete 36 graine per e~uare inch 

(b) Grain size over entire bucket, average of all broken 
buckets 

Fatigue failures 27 grains per equure inch 
Impact failures 54 g r a b 8  per square inch 

-om the above surmnary it may be men that: 

(a) Buckets that broke had a somewhat ooarmr grain than 
unbroken buckets. Within certain l-lmits (reference Z), the high- 
tempersture rupture strength of caet alloy8 of t h i s  type increases 
with inoreasing grain s f z e .  It therefore 8eem unlikely that the 
failures obaervd in thie investigation were caused by low rupture 
strength. 

(b) Bucket6 that failad f3.am fatigue had 8omewlLat cocreer 
grains them buckets that failed by impact . 

( c )  In the fmmediate zme of failure, buckets that failed by 
fatigue had much CoBTaer mine than buckets that failed by impact, 

(d) Of the buakete that failed by fatigue, the wain s ize  at  
the failure zone wae finer than mer the bucket in general. 

7. Ae can be Beem in table 11, a very xide acatter of Rockwell C 
hsrdness VSlUeS were observed from bucket t o  bucket a8 w e l l  us in the 
various eectione of a single bucket. This scatter of values is the 
expected condition in very coaree-ep.ained cast matm%sls. The buokets, 
however, tended to harden w f t h  increaeing mlng time and m e t  of 
the buckets were harder at the m t e r  thm at either the t i p  or the 
base. Eo significant difference8 were observed between the broken 
an& unbroken buckets, 

8. The miomstructure appeared the 882138 f o r  broken and unbroken 
buckets. The cmcfmtration of eutectic  material noted in the nucleus 
area in reference 1 was not apparent in thie investigation. 
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9. After engine operation, a nonuniform dist r ibut ian of tbe 
epeilon phaee efieted in the  broken and unbroken buckets with some 
buckets of each  type  being  completely  devoid of the phase. No signi- 
f ican t  dif'f'erences i n  quantity  or  in  distribution of the  epsilon 
phase cou3.d be deteoted by vieual  ernmination of the diffraction 
pattern8 between the two typee of bucket. 

10. No significant  dlff'erences could be.detected in carbide- 
mesh distribution between  broken and unbroken buckets. 

SUMMARY OF RESULTS 

The results of t he  inveetigatlon of four TImlran-alloy turbine 
wheels with cast V i t a l l i u m  buckets may be summarized a8 follows: 

1. The result8 of failures d u r i n g  the cyclic engine tests were: 

Wheel Second buoket f a i lu re   F i r s t  bucket f a i l u r e  
Cycle Total Cycle Total 

running * 

time time 
running 

(&I (m) ( m f d  
18 

40 10 1%aC 51 57 156 4 
17 89 268 86 40 260 3b 
10 35 106 9 28 29 2 
12 8 25 7 20 22 

%id bucket failure, cycle 26 ( 8  hr, 34 min). 
bAll buokets  badly damaged (four hnckets - 3-33, 

3-36, 3-45, and 3-49 - removed for examination) 1 
?his bucket, a replscement of a previous failure, 

operated  only 32 cycles. 

2. This  investigation covered the metallurgical examinations 
of 12 broken and 13 examined but unbroken cast V i t a l l i u m  turbojet 
buckete. of the failures, eight were caueed by fatigue and four 
were probsbly caueed by impact: The two types of failure8 were 
both  transcrystalline but were eaelly differentiated by the 
appearance of the  fractured sur9aces. 

3. All buckets examined shoved the wide scatter of mta l lurgfca l  
properties that is aseociated w i t h  coarse-Ep.ained cast mat€3ri&l8. 
Thie scatter may have obscured small but important  differences that 
m i g h t  heve existed between broken and unbroken buckets. 
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4. I?o simiaant differences were detected between  broken and 
unbroken buckets in  chemical  composition, ha3.dllese, epsilan-phase 
quantity  or  distribution, or carbide-mesh Uistribution. It was 
noted, however, that the  buckets were somewh&t harder in'the center 
than at e i the r   t he   t i p  or  the base, 

5. After operatLon, it was noted that a nonuniform dist r ibut ion 
of the e p s i l o n  phase existed in both broken and unbroken buckets, 
with several of each having no epsilm phase. 

6.  Although a very wide matter of data was observed, the buokets 
that fa i led  by fatigue were somewhat coar~er in grain stze than the  
unbroken buckets. 

Flight Propulsion Research Laboratory, 
National Advisory C o m m i t t e e  for Aeronautios, 

Cleveland , Ohio. 
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Table I. - Chemlaal analyses of turbine buckets 
Element, percent 

b e l  Fe P 9 Mn rr2 C E1 W Cb Cu Ti ylo Co I1 Cr - Condition h a k a t  

1 
13 
2 0.49 0.026 0.06 0.25 -- 0.33 0.53 0.08 0.16 -- 0.01 5-80 63.82 3.04 27.96 Broken 

koken 27.78 2.86  63.90 

12 
53 

a75 ,029 -06 -33 -- e29  a67 -08 e19 -- -01 5.86 
Brokem 27.81  2.58 61.49 6.68 e 0 0  e00 -- .036 ,012 -51  -15 ,202 .sB .OO .OO .OO -00 5.56 61.31 2.97  27.71 Unbroken 26 

-- .014  .029 .61 .09 ,253 .62 -00 .OO .OO -00 6.80 62.68 2.51 28.40 Unbroken 
-- e024 -008 e 5 6  0.14 a240 -66 -00 rOO 

2 1.06 0.051 0.05 0.Sl 0.32 0.63 0.16 0.19 -- 0.01 5" 89.57 2.81 27.98 Brokan 18 
48 
21 

Brokan -- .034  .026 .BI .13 ,244 .49 .OO .OO .OO .OO 6.86 62.00 2.70 27.61 Unbroken -- .038 .020 .77 .16 .261 .58 .OO .W .OO -00 5.73 61.31 2.53 28.20 Unbroken 49 

-- -056 -037 a 0 9  r 0 6  -284 e64 -00 -00 0.00 -00 6-51  62.61 8.45 27.80 

5 

38 
Broken 34 

-- Om012 0.008 0.40 0.11 0.193 0.60 0.00 0.00 0.00 0.00 6.67 61.86 2144 27.90 Broken Js 
27.68  2.25 8emZ2 5.63 -00 -- -024 -007 -58 -1s -202 e57 m00 a 0 0  e 0 0  

Broken 27.66 2.24  61.49 6.65 .00 

Broken 49 
&oken 46 

-- .024 .011 .48 .16 ,193 .55 .OO .OO .OO 
27.44 2.29  62.62 8-47 e o 0  -00 a00 -00 -68 -- ,018 -007 -51 e 1 1  -807 

6 
9 

-- ,024 .007 .61 .17 ,226 .65 .OO .00 .OO .oO 5.37 62.15 2.26 27.84 Unbroken 
-- .Om .024 .40 .13 ,231 .41 .OO .OO .OO .OO 6.60 62.75 2.27 28.16 Unlrroken 16 

Unbroken 27.68 2.19 62.19 -- .OB4 ,009 .sS .ll ,221 .6l .OO .OO .00 .OD 5.66 

16 Unbroken 27.71 2.43 61-45 
-- .020 ,024 .31 .l2 ,235 .49 .OO .OO .OC -00 6.21 62.86 2.16 28.34 Unbroken 45 

22 
-- ,020 ,010 .64  .15 . E l l  ,69 .OO .00 .OO .OQ 5.67 

Unbroken 27.87 2.42  61.71 6.83 .OO .OO .M) -- ,026 -008 .46 .12 ,216 .65 .OO 

27.84 -- ,018 ,009 .47 .13 ,176 .70 .DO .MI .oo .oo 6.39 62.13 2.26 

4 boken 1 A  
28 
1 

Broken 

-- ,036 .038 .68 .14 ,261 .65 .OO .MI .W .QO 6.70 61.71 2.76  27.69 Unbroken 29 

" .om ,058 -- .009 .011 .51 .21 .32 .52 .OO .OO .OO .OO 5.62 61.73 2.29  27.97 Unbroken 28A 

-- ,058 ,031 
-63 -12 ,847 .65 .00 .OO .OO .OO 5.70 61.40 2.80  28.28 Unbroken 
-63 .16 -322 -65 -00 a00 -00 -00 5-99 62.34 2.66 27.20 

87.50 -- 0.018  0.012 0.05 0.17 0.506 o.se 0.00 0.00 0.00 0.00 9.48 61.3s 2.74 

. . . "  . . .  



Table 11. - Rockwell C hardness survey of turbine buckets 

Values  represent average values for  each po'sitim " 

18 9 
48 
e l  

56 
35 

49 35 

34 
30 

86 

45 
49 

6 
9 

89 17 
89 17 

16 

17 BO 22 
17 89 18 
20 78 

28A 
51 

:andition r t 
Broken 
Unbroken 
Unbroken 

Broken 
Broken 
Unbroken 
Unbroken 

Broken 
Broken 
Broken 
Broken 
Broken 
Unbroken 
Unbroken 
Unbroken 
Unbroken 
Unbroken 
Unbroken 

Broken 
BFolcen 
Unbroken 
Unbroken 
Unbroken 

" 

-c 

24 
" 

- 
" 

32 

39 
" 

Roakwell C 
Center 

rai l lng 
edge edge 

Leading 

39 

34 32 
31 35 
61 

37 36 
37 37 
31 
39 

37 
58 

43 39 
I 4 2  37 
~ 44 54 
' 42 
1 4 3  

39 
41 

1 45 42 
~ 43 42 

4 1  
39 

37 
41 

42 
42 

45 
39 

" " 

42 

45 44 
S6 35 
33 42 
42 

36 38 

36 S I  

34 35 
44 
41 
3s 

40 35 

33 35 
38 1 37 

I 

. 
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F igure  3. - Wheel 2 a f t e r  second b u c k e t  faifure [bucket 2-481 dur ing 
c y c l e  1 0 6  a t  total running time o f  35 hours and 10 minutes. 
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Figure 4. - Wheel 3 a f t e r  s e c o n d  bucket f a i l u r e  occurred during cycle  - 268 at t o t a l  running tIme of  89 hours and  17 minutes damaging e i g h t  
buckets. 





10- t 5- 46 

Figure 5. - Wheel 4 a f t e r  f i r s t  b u c k e t  f a i f u r e   ( b u c k e t  4-28) dur ing  
cycle 1 5 6  at total running time o f  51 hours and 57 minutes. 
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C- 17340 
12-9-46 

F i g u r e  6. - WheeI 4 a f t e r  second  bucket failure (bucket 4 - IA)  d u r i n g  
c y c l e  188 a t  totaI running t i m e  o f  62 hours  and 37 minutes. This 
bucket  was instal  led  a f t e r   f i r s t  b u c k e t  f a i l u r e  and was run 32 cycfes 
(IO hr, 40 rnin). 
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G 178 16 
i- 16-47 

Figure  7 .  - Wheel 4 a f t e r  t h i r d  bucket  faiiure ( b u c k e t  4-39] during 
cycle 190 at total running t ime of 63 hours and I6 minutes. 
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I ,  . - . ,"_ 
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( a )  Primary fa1 lure, 
caused by f a t i g u e .  

L b l  Secondary faT lure, probably T ci 19351 

caused by Impact. 8- 18- 47 
- "" 

Figure 8. - Fractured faces o f  primary and secondary types of turb Ine-  
bucket fai  lure.  
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c 

I I 

I 

Wheel 

2-18 

1-2 

4-1A 
b-39 

i-28 
1-53 

(a) Failures caused by fatigue. 
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(b) Failures probably caused by lmmsact. - 
e 
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